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Abstract
The fast muon kicker for the muon g-2 experiment at Fermilab is being developed by Cornell group. The kicker is
a pulsed magnet that provides the transverse kick to the muon particles required to direct them onto the stable orbit
of the storage ring. To minimize the coherent betatron oscillation and maximize the storage eﬃciency of muons, it
is desired that the magnetic pulse generated from the kicker have, approximately, 230 Gauss peak value and 120 ns
full width. Based on the experiences from the earlier g-2 experiment at Brookhaven National Laboratory, we have
redesigned the system using a triaxial blumlein pulse forming network and the prototype model has been built and
tested. The details of the design and the test of the kicker are described in this paper.
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1. Introduction
The precise measurment of an anomalous magnetic
moment has been a channel leading to the discovery
of new physics. The muon is a good tool to study the
anomalous magnetic moment because it is a simple lep-
ton particle and has a long life time. And, more im-
portantly, since an anomalous magnetic moment arises
from all the coupling of virtual particles and their con-
tributions (δa) scales as δa ∝ ( MlMX )2, where Ml is the
mass of the lepton particle and MX is the mass of the
contributing virtual particle, compared to the electron,
the muon provides the better chance to explore the con-
tribution from the unknown virtual particles. The latest
measurements (E821) of the muon anomalous magnetic
moment (aμ) have been carried out at Brookhaven Na-
tional Laboratory (BNL) and have drawn attention as
the experimental results show tension with the Standard
Model (SM) prediction with the non-negligible signif-
icance of 3.6 σ [1, 2, 3]. To resolve this discrepancy,
the new follow-up experiment (E989) has been pursued
and to take advantage of the intense muon beam, the ex-
periment has been moved to the Fermilab from BNL.
Figure 1: A schematic diagram of the muon trajectory and the kicker
location in the storage ring. The red line represents the trajectory of
the muon exiting the inﬂector and the blue line represents the ideal
orbit in the storage ring. The injection orbit is displaced by d = 77mm
from the ideal orbit.
The basic principle of the experiment is the follow-
ing: 1) Production of an appropriate pulsed proton beam
by an accelerator complex. 2) Production of pions us-
ing the proton beam. 3) Collection of polarized muons
from pion decay. 4) Transporting the muon beam to the
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(g-2) storage ring. 5) Injection of the muon beam into
the storage ring. 6) Kicking the muon beam onto sta-
ble orbits. 7) Measuring the arrival time and energy of
positrons from the muon decay. 8) Plotting the event
rate of positrons above certain energy threshold as a
function of time and determining the muon spin preces-
sion frequency relative to the cyclotron frequency.
The muons come into the storage ring through the in-
ﬂector which propagates the muon particles along a tra-
jectory tangential to the storage ring. The trajectory of
muons exiting from the inﬂector is a circle displaced 77
mm radially outward from the closed orbit of the stor-
age ring (Fig. 1) and it intersects the ideal orbit about
90 degree azimuthally around the storage ring from the
inﬂector with a crossing angle of 10.8 mrad. The kicker
is a pulsed magnet to provide a transverse kick to com-
pensate this crossing angle to push the muon particle
onto the ideal orbit. Our target for the kicker system
is a 14 mrad kick so that there is suﬃcient operating
margin in anticipation of possible upgrades of the ex-
perimental system. The 10 - 14 mrad kick requires an
integrated vertical ﬁeld of 1.02 - 1.4 kG-m. We are con-
sidering three independent 1.7 m long magnets for the
kicker system to realize the desirable kick. Muons are
delivered to the storage ring in pulses with transverse
emittance near 40πmm-mrad, pulse length of about 120
ns and at a repetition rate of up to 100 Hz. The rectangu-
lar pulse with the height of 220-280 Gauss and the full
width of 120 ns is the ideal shape for the kicker pulse
ﬁeld and it should return to zero before the muons re-
enter the kicker aperture after moving around the stor-
age ring with a period of 149 ns (Fig. 2). The capture
eﬃciency and the coherent betatron oscillation of the
stored muon beam, depend directly on kicker amplitude
and pulse width. Therefore, the optimized kick can be
determined by the size of CBO and the muon capture
Figure 2: The ideal kicker pulse (blue line) and the muon beam re-
peated with 149 ns cyclotron period (red)
eﬃciency. Figure 3 shows the muon capture eﬃciency
and the amplitude of CBO as a function of the kick
strength for the new kicker which we are introducing
in this paper (E989 kicker). From this ﬁgure, one can
see that the optimum kick strength is around 230 Gauss.
(a)
(b)
Figure 3: The optimization of the kick strength for the new kicker
(E989 kicker) (a) The muon capture eﬃciency versus the kick
strength. (b) The CBO amplitude versus the kick strength.
2. Kicker design and prototype
Figure 5 shows the schematic view of the kicker sys-
tem. The kicker system is comprised of the charging
circuit, thyratron, triaxial blumlein, load resistor and
the kicker magnet. The double transmission line (blum-
lein [4]) is adopted as the pulse forming network (PFN)
for the kicker system. In the blumlein pulse generation,
the pulse duration (D) is determined by the travel time
of the electromagnetic (EM) wave through the transmis-
sion line ,following the relation D = 2 × l/c, where l is
the length of one transmission line and c is the speed of
the EM wave through the transmission line. We have
built the blumlein using the triaxial cylinder (Fig. 4).
The operation of the triaxial blumlein PFN consists of
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Figure 4: The topological modiﬁcation of series double transmission line into the triaxial concentric cylinder.
Figure 5: The schematic diagram of the kicker system. The ﬁgure shows the charging circuit, thyratron (T2), triaxial blumlein, load resistor (Z0)
and kicker magnet.
the following steps: 1) Charging the middle conductor
cylindrical with high voltage (HV) power supply. 2)
Closing the thyratron switch located between the mid-
dle conductor and the outmost conductor. 3) Generating
HV pulse through the propagation and reﬂection of the
HV wave in the blumlein. 4) Providing the current to
the kicker magnet through the load resistor placed be-
fore the magnet.
The prototype blumlein was built with 6.5 m long tri-
axial aluminum cylinder and ﬁlled with 561 silicon oil
( = 2.7). The blumlein was designed to have 25 ohm
characteristic impedance. The blumlein is connected to
the load resistance placed before the kicker magnet with
a pair of 50 ohm high voltage coaxial cables to match
the 25 ohm impedance of the blumlein. The load re-
sistor is also 25 ohm and the current through the kicker
magnet is determined by the voltage generated from the
blumlein divided by the load resistance. We placed the
load resistor inside the tapered transmission line so that
the eﬀect of the mismatch of blumlein impedance and
the kicker magnet can be mitigated. The kicker mag-
net is 1.7 m long parallel aluminum plates which has
Peak Voltage [kV] 70
Peak Current [kA] 15
dI/dt [kA/μs] > 300
Repetition rate [Hz] 2000
Grids 2
Table 1: The speciﬁcation of the thyratron.
the arc shape to increase the ratio of the current to B
ﬁeld. Based on the calculation with Microwave Studio
(MWS) simulation software [5], the current to B ﬁeld
(a)
(b)
Figure 6: The kicker magnet plates and the surrounding the vacuum
chamber.
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ratio is estimated to be 65 Gauss for 1 kA, which means
3.5 kA for 230 Gauss kicker ﬁeld. The prototype kicker
magnet and the surrounding vacuum chamber are shown
in Fig. 6.
The thyratron was installed as a high power electri-
cal switch. The peak voltage of our thyratron is 70 kV.
Provided that the current of 3.5 kA is required for 10.8
mrad kick, the voltage across the load resistance, 25
ohm amounts to 87.5 kV, which turns out to be over
the voltage limit of the thyratron, 70 kV. Therefore, we
are considering lower impedance, 12.5 ohm blumlein.
The speciﬁcations of the thyratron are summarized in
Table 1.
3. The test of the prototype kicker with the Faraday
Magnetometer
The prototype kicker has been tested using the Fara-
day Magnetometer (FM). The FM measures magnetic
ﬁeld using a Faraday optical crystal which rotates the
polarization angle of linearly polarized light. The
change of the polarization angle through the rotator is
proportional to the strength of the magnetic ﬁeld. The
proportionality is characterized by the Verdet constant
of the material. Since the FM is an optical measurement,
it has a fast time response and does not generate any
additional eddy current, which makes it a good tool to
obtain the precise transient magnetic ﬁeld proﬁle in our
kicker system. The rise and fall time of the FM is 2-3
ns, which is determined mainly by the electonics of the
photon detector. For the Faraday rotator, we used 1.1 cm
long TGG (Terbium Gallium Garnet) crystal. 60 mW,
532 nm green laser (GAR035, Laserglow technologies)
is used for the laser source. The laser becomes linearly
polarized as it passes through the polarizer located in
front of the laser source and then it is directed to TGG
crystal located in the middle of the kicker chamber. The
TGG crystal is contained in the G10 tube. The polariza-
tion of the laser exiting from the crystal is decomposed
into two orthogonal components, which are detected by
two photon detectors.
To maximize the sensitivity, the initial polarization
incident on the wollaston prism is set as 45 degree.
At this initial polarization angle, the signals along two
channels become symmetric. By subtracting one signal
from the other, one can have double ampliﬁed signal and
the cancellation of the noise which might be present in
both channel. Figure 8 shows the schematic diagram of
the FM system. The experimental setup of the FM is
shown in Fig. 7. The prototype kicker ﬁeld measure-
ment with the FM is shown in Fig. 9. In this ﬁgure,
one can see the symmetric signals measured by the two
(a)
(b)
Figure 7: The FM experimental setup (a) FM installed on the kicker
vacuum chamber (b) Components inside the laser detector box
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Figure 8: The schematic diagram of the Faraday Magnetometer system.
photo diodes. As the Verdet constant of TGG at 532 nm
light is 199 rad/T/m [6], the signal shown in the ﬁgure
is estimated to be 59 Gauss. The full width of the main
peak of the signal is about 160 ns and the trailing wig-
gles are suspected to be from the imperfect impedance
matching in the kicker magnet system.
To better understand and optimize the kicker system,
we are modeling the system with MWS software. Fig-
ure 10 shows the MWS 3D rendering of the kicker sys-
tem. As we expect to lower the impedance of the blum-
lein, we are trying to ﬁgure out how to minimize the
undesired reﬂection which might arise from the combi-
nation of the kicker magnet impedance, load resistance
and the variable transmission line impedance. As it is
known that the eddy current which persists for longer
than 20 μs can spoil the uniform magnetic ﬁeld in the
storage ring, we will also study the generation of the
eddy current in the kicker system with the MWS mod-
eling.
Figure 9: The prototype kicker ﬁeld measurement with FM. The green
(red) line is from channel 1 (2) photon detector and the black line is
the diﬀerence between two channels.
(a)
(b)
Figure 10: Modeling the kicker system with the Microwave Studio
software (a) the calculated magnetic ﬁeld around the kicker magnet
plates (b) 3D rendering of the kicker system including the blumlein
and kicker magnet ( High voltage coaxial cable parts are left out for
the simplicity).
4. Conclusion
Given the non-negligible discrepancy between the
latest measurement of aμ and its SM prediction, the at-
tempts to resolve this problem have been pursued in
both theory and experiment. The goal of the new ex-
periment, E989, at Fermilab is to reduce the combined
statistical and systematic error in the BNL result by a
factor of 4 to 0.12 ppm and the Cornell group is in
charge of upgrading the kicker system for the new ex-
periment. The statistical error depends on the eﬀective-
ness of the kicker to capture large numbers of particles
by steering the injected muons onto stable orbits. The
uniformity of the kicker pulse will determine the CBO
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amplitude of the stored muons. Coherent betatron os-
cillations are the source of a systematic uncertainty in
the measurement of the precession frequency. Consid-
ering these two issues, the appropriate kick strength was
estimated to be about 230 Gauss by the beam dynamics
simulation including the details from the beam transport
to the storage ring. We have designed the kicker sys-
tem with the blumlein pulse forming network and built
the prototype kicker system. With the Faraday Mag-
netometer measurment, we have veriﬁed that the pro-
totype kicker is working very well at the intermediate
high voltage level. Above all, compared to the previ-
ous kicker used in the BNL g-2 experiment, the width
of the pulse is signiﬁcantly improved so that it is close
to the cyclotron period of 149 ns. The prototype 12.5
ohm blumlein pulse forming network and kicker mag-
net are being assembled for tests in the coming months.
The system design and commissioning is guided by the
MWS modeling study.
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